The clinopyroxene^plagioclase^plagioclase dihedral angle, Â cpp , in gabbroic cumulates records the time-integrated thermal history in the sub-solidus and provides a measure of textural maturity. Variations in Â cpp through the Layered Series of the Skaergaard intrusion, East Greenland, demonstrate that the onset of crystallization of clinopyroxene (within LZa), Fe^Ti oxides (at the base of LZc) and apatite (at the base of UZb) as liquidus phases in the bulk magma is recorded by a stepwise increase in textural maturity, related to an increase in the contribution of latent heat to the total heat loss to the surroundings and a reduction in the specific cooling rate at the crystallization front of the intrusion. The onset of both liquidus Fe^Ti oxide and apatite crystallization is marked by a transient increase in textural maturity, probably linked to overstepping before nucleation. Textural maturation at pyroxene^plagioclase^plagioclase triple junctions effectively ceases in the uppermost parts of the Layered Series as a result of the entire pluton cooling below the closure temperature for dihedral angle change, which is 10758C. Solidification of the Layered Series of the Skaergaard intrusion occurred via the upwards propagation of a mush zone only a few metres thick.
The clinopyroxene^plagioclase^plagioclase dihedral angle, Â cpp , in gabbroic cumulates records the time-integrated thermal history in the sub-solidus and provides a measure of textural maturity. Variations in Â cpp through the Layered Series of the Skaergaard intrusion, East Greenland, demonstrate that the onset of crystallization of clinopyroxene (within LZa), Fe^Ti oxides (at the base of LZc) and apatite (at the base of UZb) as liquidus phases in the bulk magma is recorded by a stepwise increase in textural maturity, related to an increase in the contribution of latent heat to the total heat loss to the surroundings and a reduction in the specific cooling rate at the crystallization front of the intrusion. The onset of both liquidus Fe^Ti oxide and apatite crystallization is marked by a transient increase in textural maturity, probably linked to overstepping before nucleation. Textural maturation at pyroxene^plagioclase^plagioclase triple junctions effectively ceases in the uppermost parts of the Layered Series as a result of the entire pluton cooling below the closure temperature for dihedral angle change, which is 10758C. Solidification of the Layered Series of the Skaergaard intrusion occurred via the upwards propagation of a mush zone only a few metres thick.
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I N T RO D UC T I O N
Physical and chemical separation of crystals and residual liquid in solidifying magma are the prime controls on the composition, and therefore physical properties, of erupted lavas. It is therefore essential to understand the problems involved in the progressive solidification of large magma bodies in the crust. Solidification of chemically complex silicate magmas involves the development of a crystal mush on the margins of the magma chamber, and it is the formation of these boundary layers that governs the chemical evolution of the remaining magma. Although several recent papers have challenged the concept that solidification at chamber margins can affect the residual liquids (e.g. Marsh, 2006) , comprehensive documentation of progressively more fractionated rocks towards the central regions of large intrusions demonstrates the effective separation of early formed crystals from their parental liquids (e.g. Wager & Deer, 1939; Wager et al., 1960) . Of crucial importance in this process is the precise timing of the onset of crystallization of each mineral phase within the bulk magma, upon which the liquid line of descent in the evolving magma depends.
Our understanding of cumulate rocks is based on the concepts first propounded by Wager et al. (1960) , who suggested that the mushy zone on the magma chamber floor is built of gravitationally separated crystals nucleated and grown in the bulk liquid. These cumulus crystals subsequently undergo further post-accumulation growth, accompanied by the nucleation and growth of other phases, from the intercumulus liquid in the mush. Following challenges to the concept of crystal settling (or flotation) in favour of in situ growth on the chamber floor (e.g. Campbell, 1978) , Irvine (1982) refined this concept, retaining the term cumulus to describe early crystallizing euhedral to subhedral crystals that form a framework.
The classical textural criteria first proposed by Wager et al. (1960) for determining which mineral phases were on the liquidus (i.e. have cumulus status) are not always reliable (e.g. Hunter, 1987) . In the case of the Skaergaard intrusion of East Greenland, clinopyroxene growth is dominated by poikilitic habit in the lower parts of the stratigraphy even while it is nucleating in the bulk of the liquid, potentially leading to misinterpretation of crystallization history (McBirney & Noyes, 1979; McBirney & Hunter, 1995; Morse, 1998; Holness et al., 2007a) . The importance of accurate identification of the bulk liquidus assemblage becomes acute when considering whether basaltic liquids follow a trend of progressive Fe enrichment (the Fenner trend) or Si enrichment (the Bowen trend). An example of this is provided by the ambiguity that surrounds the textural status of Fe^Ti oxides in the Skaergaard intrusion and the consequent difficulties for interpretation of the liquid line of descent (Wager, 1960; Hunter & Sparks, 1987 , 1990 Brooks & Nielsen, 1990; McBirney & Naslund, 1990; Morse, 1990; HanghÖj et al., 1995; Tegner, 1997; Irvine et al., 1998) .
Regardless of whether the mush accumulated by gravitational separation of cumulus grains, or by in situ growth of primocrysts, the distinction between early formed and later phases, first identified by Wager et al. (1960) , is very clear in coarse-grained, mafic, glassy crystalline nodules entrained in lava flows ( Fig. 1a and b) . These show that the mush develops by the infilling of original liquid-filled pores in a primocryst framework by later crystallizing phases (Holness et al., , 2007b . The pseudomorphing of the pore spaces by these interstitial phases provides us with a new interpretative tool.
Preliminary work has shown that systematic changes in the relative loss of latent heat from the mush are recorded in the details of grain boundary orientation at the junctions between primocryst and interstitial grains in a fully solidified cumulate (Holness et al., 2007a) . The extent to which interstitial phase^primocryst^primocryst triple junctions have moved away from the initial geometry inherited from the pseudomorphed liquid phase towards solid-state textural equilibrium ( Fig. 1) provides a quantitative measure of the textural maturity. Variations in textural maturity of gabbroic cumulates record the arrival of fresh magma in the chamber, the onset of chamber-wide convection and changes in the liquidus assemblage (Holness et al., 2007a) . Grain boundary orientations at triple junctions thus provide hitherto inaccessible information on the development of the crystal mush and hence the chemical evolution of the magma remaining in the chamber.
In this contribution, we build on the work of Holness et al. (2005 Holness et al. ( , 2007a and present the variation of textural maturity through the entire Layered Series of the Skaergaard intrusion. We demonstrate that the sequential arrival of phases on the liquidus is recorded by variations in grain boundary orientation at clinopyroxene^plagio-clase^plagioclase junctions, permitting the onset of cumulus crystallization of each phase to be placed in the stratigraphy with great accuracy. We also show that textural maturation (as recorded by clinopyroxene^plagio-clase^plagioclase dihedral angles) effectively ceases during the latest stages of crystallization of the intrusion. The estimate this provides of the closure temperature for dihedral angle change constrains the thickness of the crystal mush on the chamber floor to be of the order of a few metres.
T E X T U R A L M AT U R AT I O N
Textural equilibrium represents the state in which the internal energy incorporated in crystals and their interfaces is minimized. Because textural equilibration is a diffusive process, the extent to which poly-mineralic rocks approach textural equilibrium is a function of their thermal history. At textural equilibrium, all grain boundaries and interfaces have constant mean curvature (Thomson, 1887; Bulau et al., 1979) . Furthermore, the relative orientations of grain boundaries and interfaces at three-grain contacts are defined by the relative magnitudes of the interfacial energies via the equation
where g 1 , g 2 , g 3 are the interfacial energies, t i is the vector in the plane of the ith surface, normal to the line of intersection of the surfaces and pointing away from this line, and g i / t i is a vector perpendicular to t i and to the line of intersection (Herring, 1951) . For the specific case of a three-grain, two-phase, contact (such as that between two grains of plagioclase and one of pyroxene), or a twophase contact between two grains of solid and a liquid, the angle defined by equation (1) is known as the dihedral angle.
The tangential component of equation (1) acts to minimize the interfacial area, whereas the normal component acts to rotate the interface towards an orientation with a lower interfacial energy. Hence, in general, the dihedral angle varies with crystalline orientation (Herring, 1951; Laporte & Provost, 2000) .
Crystal growth in the presence of abundant liquid commonly results in planar-sided grains, and the early pore geometry in the highly porous mush at the chamber floor is controlled by random crystal juxtaposition to form an impingement texture (Elliott et al., 1997; Holness et al., 2005) . If there is no further solidification, the initial impingement texture will evolve, driven by the minimization of internal energies, towards the melt-present equilibrium texture in which the fluid-filled pores develop constant mean curvature and the equilibrium value of the liquid^solid^solid dihedral angle (Fig. 1d) . The growth of interstitial phases, which commonly pseudomorph the liquid-filled porosity (e.g. Platten, 1981; Harte et al., 1991; Holness & Clemens, 1999; Sawyer, 1999 Sawyer, , 2001 Rosenberg & Riller, 2000; Holness et al., 2007b) , ends the liquid^solid equilibration process. The pseudomorphing interstitial grains inherit the angle subtended at the pore corners, which is somewhere on the continuum between an impingement texture (median value $608, Elliott et al., 1997; Holness et al., 2005) and a completely equilibrated liquid^solid^solid angle (median value 5408, Holness, 2006 , and references therein). These angles are much lower than the median solid^solid angles for poly-mineralic silicate rocks, which are 100^1308 (Kretz, 1966; Vernon, 1968 Vernon, , 1970 Holness et al., 2005) . The sub-solidus evolution of an orthocumulate texture must therefore involve a general increase in the angle subtended at the corners of pseudomorphed pores ( Fig. 1e and f) together with grain boundary migration to achieve constant mean curvature of all boundaries and interfaces [N.B. the term sub-solidus, as used here, refers to the local absence of liquid at the three-grain junction of interest, rather than the complete absence of melt from the rock. This means that for phases that grow over a temperature interval, an additional (temporal) source of angle variability will be superimposed on the variability inherited from the impingement texture ]. Further textural maturation requires grain growth (e.g. Boorman et al., 2004; Higgins, 1998) which minimizes the total interfacial area. The extent to which a rock, either liquid-bearing or fully solidified, has evolved from the initial texture formed by reaction (or, in the case of cumulates, solidification) towards textural equilibrium provides an indication of the time-integrated thermal history in the sub-solidus. Holness et al. (2005) demonstrated that the first visible change during textural maturation is the alteration of inherited dihedral angles by the rotation of large areas of grain boundary in the manner of an opening or closing book ( Fig. 1e and f ; Holness et al., 2005) . This results in a step-change of the grain boundary curvature some distance from the triple junction ( Fig. 1e and f) and it is the outwards propagation of this break in slope that results in the establishment of the new, solid-state equilibrium constant mean curvature. Quantification of progressive changes in grain boundary curvature presents a challenging problem, but the earliest stages of textural maturation can be easily quantified using the dihedral angle. Typically this involves an increase of the median (and mean) of the dihedral angle population from $608 (with a standard deviation of $258) towards one of $1208 (and a standard deviation of $158) . Importantly, the process of textural maturation in kilometre-scale mafic intrusions in the shallow crust has an effective closure temperature close to the solidus , precluding even the attainment of equilibrium solid-state dihedral angles let alone changes in grain shape as a result of the establishment of the new constant mean curvature. The extent to which the dihedral angles have changed in these relatively rapidly cooled intrusions thus provides information about processes occurring at or near the magma^mush interface.
G E O L O G I C A L S E T T I N G
The Skaergaard intrusion forms part of a group of gabbroic and syenitic bodies found in East Greenland and formed during the opening of the Atlantic at about 55 Ma (Deer, 1976; Brooks & Nielsen, 1982; Tegner et al., 1998) . It formed by the intrusion of a large (8 km Â11km Â 4 km, Nielsen, 2004) body of relatively evolved tholeiitic basaltic magma at the contact between underlying Precambrian gneisses and an overlying sequence of Tertiary plateau lavas (Fig. 2) . The thickness of the overlying lavas increased during the solidification of the intrusion, which evolved from a subvolcanic magma chamber (0Á7 AE 0Á5 kbar) to a more deep-seated system (3Á3 AE1Á3 kbar) as it crystallized (Larsen & Tegner, 2006) . Once the chamber was filled, it fractionated as a closed system to form the prime example of shallow magmatic differentiation.
Tilting of the eastern coast of Greenland by about 208 (Wager & Brown, 1968; McBirney, 1996) , associated with regional stretching, has resulted in the almost continuous exposure of 43Á5 km of stratigraphy, which dips gently to the SE. Wager & Deer (1939) divided the exposed part of the intrusion into three major units: the Layered Series, formed on the floor of the intrusion; the Marginal Border Series, crystallized inwards from the walls; and the Upper Border Series, which grew downwards from the roof. The Hidden Zone (HZ) is that part of the Layered Series underlying the lowermost exposed horizons. The Layered Series meets the Upper Border Series at the so-called Sandwich Horizon (Wager & Deer, 1939) , which represents the last parts of the intrusion to solidify. The Layered Series, with which this contribution is concerned, is subdivided into Lower, Middle and Upper Zones by the disappearance of abundant olivine primocrysts at the base of Middle Zone and their reappearance at the base of the Upper Zone. The Lower Zone is further divided into three subzones: LZa, in which cumulus phases are olivine and plagioclase, with clinopyroxene joining the assemblage near the top; LZb, the base of which is marked by a change in clinopyroxene habit from poikilitic to granular; and LZc, which is marked by the appearance of cumulus Fe^Ti oxide minerals. The Upper Zone is also subdivided into three: the base of UZb is marked by the appearance of abundant apatite primocrysts, and the base of UZc is defined by the appearance of a mosaic formed of ferrohedenbergite inverted from b-ferrobustamite. Layering, defined by variations in modal composition and by a weak preferred alignment of tabular plagioclase grains, is present throughout the Layered Series up to the middle of UZb (Wager & Brown, 1968; Irvine et al., 1998) .
The divisionbetween LZa and LZb, defined as the (clearly visible in outcrop) change from poikilitic to granular habit of the clinopyroxene, occurs at 175 m stratigraphic height (measured assuming a zero point at the base of the exposed Layered Series, after Wager & Deer, 1939) .
Although this change in habit was assumed by Wager & Brown (1968) to indicate the onset of clinopyroxene crystallization as a liquidus phase, Holness et al. (2007a) showed that clinopyroxene joined the liquidus assemblage at 100 m stratigraphic height above the lowest exposed horizons, as recorded by a step-change in the textural maturity. This is in agreement with Nwe (1976) , who placed on the arrival of cumulus clinopyroxene at 110 m in the Cambridge 1966 drill core on the basis of pyroxene grain shape.
L O C AT I O N O F S A M P L E S
The samples comprise several different sets, as follows. (1) A suite collected by Karen Bollingberg (Bollingberg, 1995) and housed at GEUS, Copenhagen. This comprises samples from LZa up to the Sandwich Horizon, collected along a traverse of Kramers Ò and on the mainland west of Basistoppen. (2) (after McBirney, 1989) showing the location of the two drill cores and the sample sets. Symbols as in Fig. 4 . (Tegner, 1997; housed at GEUS in Copenhagen) . Sample locations are shown in Fig. 2 .
Correlation between the sample sets, to create a single stratigraphic sequence, is not straightforward as the thickness of the subdivisions of the Layered Series varies with position in the intrusion (McBirney, 1996) . Thus although the spacing between samples collected from outcrop can be calculated from locally observed layering orientations, the relevance of a unified stratigraphy pieced together from a traverse with a significant along-strike component (such as the Bollingberg suite) is open to question.
We use a reference stratigraphic section through the Skaergaard intrusion calculated from a field-based structural reconstruction (Nielsen, 2004) . This results in the average thicknesses of the subzones shown in Table 1 [taken from the lower left-hand column of Appendix 4 of Nielsen (2004)]. The sample sets were placed within the stratigraphy using a linear stretching or compression within each zone so that zone boundaries correspond to those of the standardized section. The Nielsen reconstruction groups the Hidden Zone and LZa into a single unit of total thickness 700 m. The Cambridge 1966 drill core contains 150 m of HZ and 175 m of LZa. Using these proportions we divide the 700 m into 325 m of HZ and 375 m of LZa.
A NA LY T I C A L M E T H O D S
For incompletely equilibrated samples, and for equilibrated samples in which there is anisotropy of interfacial energies, it is important to obtain direct measurements of the population of dihedral angles using a Universal Stage mounted on an optical microscope (Kretz, 1966; Vernon, 1968 Vernon, , 1970 Vernon, , 1997 Holness, 2005 Holness, , 2007 Holness et al., 2005 Holness et al., , 2007a . In this manner it is possible to rotate the thin section so that each three-grain junction in turn is oriented so the grain boundaries are parallel to the line of sight, permitting direct measurement of the true angle between the boundaries.
We used a four-axis Leitz Universal Stage, mounted on a James Swift microscope, with a magnification of Â320. We measured up to 100 angles in each sample (30 for the most part, reduced to 20 for many samples in MZ, which commonly have late-stage modifications of grain junctions, Stripp et al., 2006) . Each measurement gives the angle at the junction between clinopyroxene and two plagioclase grains (the clinopyroxene^plagioclase^plagioclase dihedral angle, or Â cpp ). The error on each measurement is of the order of a few degrees. Following Holness (2005 Holness ( , 2007 and Holness et al. (2005 Holness et al. ( , 2007a we report the medians of the population for each sample ( Table 2 ; the full dataset is given as the Electronic Appendix, available for downloading from http://www.petrology.oxfordjournals.org). The error on the median of the population of measurements from each sample is hard to constrain, but because the median remains within a few degrees for an increasing population once the number of measurements exceeds about 20, we consider that the error on the median value is of the order of AE28.
P E T RO G R A P H Y
Although textures record a wealth of information on the structure of the solidifying crystal mush and its physical properties, in this contribution we concentrate on information extracted from the junctions of plagioclase and pyroxene grains ( Fig. 3a and b ). Both minerals are present throughout the Skaergaard intrusion.
The Skaergaard gabbros contain tabular plagioclase grains that initially formed an initial impingement texture and a framework for the structure of the gabbro. There is no sign of textural equilibration of liquid^plagioclase interfaces. Orthocumulates, formed of primocrystic plagioclase AE olivine and interstitial pyroxene, are common in the lower parts of the Layered Series. The rocks develop a more adcumulate nature higher in the stratigraphy .
Pyroxene
In the lowermost parts of the Layered Series both augite and primary orthopyroxene are present. The orthopyroxene^pigeonite transition is crossed near the base of HZ, leaving coexisting augite and inverted pigeonite for much of LZ (Nwe, 1976) . In HZ and LZ, the augites have fine (001), and coarser (100), exsolution lamellae of Ca-poor pyroxene, whereas the inverted pigeonites contain relict '(001)', and fine (100), exsolution lamellae of The full dataset is given as an Electronic Appendix. The data for the Cambridge 1966 drill core were previously reported by Holness et al. (2007a) . 2007 Ca-rich pyroxene. Augite is poikilitic in HZ and LZa, although towards the top of LZa grains develop an inclusion-free core signifying the onset of nucleation in the bulk of the magma. Augite has a granular habit through the remainder of the Layered Series. With height, both coexisting pyroxenes become more Fe-rich. By UZa the two cumulus pyroxenes are brown ferroaugite, with fine (20^700 nm) (001) exsolution lamellae (Fig. 3b) , and ferropigeonite. The gabbros of UZb contain only a brown ferroaugite, which is joined by a green ferrohedenbergite in UZc. Above the LZa^b boundary, clinopyroxene^plagioclase grain boundaries have serrations associated with the dissolution of exsolution lamellae of Ca-poor pyroxene, and corresponding growth of the Ca-rich host (Fig. 3c ). These serrated, or stepped, boundaries, which are rarely ubiquitous on the thin-section scale, develop gradually with the steps becoming more pronounced, and affecting more boundaries, with stratigraphic height. At their most developed, in MZ, the steps become elongate and irregular (Fig. 3c ), commonly associated with vermicular intergrowths of pyroxene and An-rich plagioclase along adjacent plagioclase^plagioclase grain boundaries (Fig. 3d) . Such vermicular intergrowths, or 'fish-hook augites', have previously been described by Batiza & Vanko (1985) .
JOURNAL OF PETROLOGY
In the upper parts of the Layered Series the steps on grain boundaries gradually disappear, becoming progressively shallower and more closely spaced with increasing stratigraphic height. They finally disappear at about 2500 m, in the upper parts of UZb (e.g. Fig. 3b ). This disappearance is linked to the reduction in thickness of the exsolution lamellae of Ca-poor pyroxene (Brown, 1957; Bown & Gay, 1960; Copley, 1973; Copley et al., 1974; Champness & Copley, 1976; Copley & Champness, 1975) , probably a result of low liquidus temperatures in the highly evolved liquids at this level in the intrusion (Nwe & Copley, 1975) .
Exsolution lamellae of Ca-poor pyroxene on (001) planes in augite and ferroaugite are always monoclinic. This is the case even when the host crystal contains (100) orthopyroxene lamellae exsolved below the inversion temperature, and when coexisting crystals of the associated Ca-poor pyroxene have inverted (Bown & Gay, 1960; Champness & Copley, 1976; Copley & Champness, 1975;  Nwe . Below the inversion temperature the Ca-poor exsolution lamellae are therefore metastable with respect to an orthorhombic form. The non-ubiquity of the stepped boundaries on a thin-section scale, and their association (at least in MZ) with larger, non-isochemical, symplectic structures, suggests that they form by dissolution of metastable Ca-poor pyroxene and recrystallization of adjacent plagioclase and augite consequent to the introduction of a metasomatizing fluid along grain boundaries (Stripp et al., 2006) . This process occurred below the temperature of pigeonite inversion which, for Mg/Fe ratios typical of MZ, occurs at 900^11008C (Brown, 1972) . Two-pyroxene thermometry, using the compositions of the coexisting Ca-poor lamellae within the Ca-rich host crystal with the orthopyroxene^clinopyroxene solvus geothermometer of Brey & Kohler (1990) at 2Á3 AE 0Á8 kbar (the pressure of MZ crystallization, Larsen & Tegner, 2006) gives a temperature of 811 AE328C. If exsolution continued after the onset of step formation, this provides a lower temperature bound.
The common association of vermicular outgrowths of augite at clinopyroxene^plagioclase^plagioclase junctions with stepped augite^plagioclase boundaries in MZ means that it is difficult to measure a large population of dihedral angles within a single thin section. However, populations of $20 measurements provide a reasonable estimate of the median. Where present, Ca-poor orthorhombic pyroxenes (which are unaffected by step formation) provide a comparable measure via the orthopyroxene^plagioclase^plagioclase dihedral angle. Measurements of pyroxene^plagioclase^plagioclase dihedral angles in UZ were confined to the brown ferroaugites.
Plagioclase
Plagioclase is a cumulus, or framework-forming, phase throughout the Layered Series. It forms tabular grains with a variably developed preferred orientation in the plane of the igneous layering (Brothers, 1964) . In the lower part of the stratigraphy, plagioclase grains are commonly complexly zoned, with partially resorbed cores. These features disappear at $30 m stratigraphic height (MaalÖe, 1976) and have been correlated with the cessation of magma input into the chamber (Holness et al., 2007a) .
The average composition of plagioclase cores in the exposed part of the Layered Series changes from An 68 at the base of the Cambridge 1966 drill core [thought to be at, or close to, the floor of the intrusion (MaalÖe, 1976) ] to An 25 at the Sandwich Horizon (McBirney, 1996) .
D I H E D R A L A N G L E VA R I AT I O N S I N T H E L AY E R E D S E R I E S
Pyroxene^plagioclase^plagioclase junctions through most of the Layered Series display changes in curvature corresponding to alteration of the apparent dihedral angle from that inherited from the original impingement texture (Fig. 3a) . This change in curvature is not apparent in UZc, in which the clinopyroxene^plagioclase grain boundaries show no deflection at the triple junction (Fig. 3b) . In these upper reaches of the stratigraphy there has been no alteration of the inherited impingement texture.
The variation in clinopyroxene^plagioclase^plagioclase dihedral angles is shown in Fig. 4 . For comparison, the data published earlier from the Cambridge 1966 drill core and the 2000 Uttentals Plateau suite (i.e. those below the LZa^b boundary) are also included (Holness et al., 2007a) . The new data fall between a minimum of 728 and a maximum of 1058, demonstrating an absence of textural equilibrium at clinopyroxene^plagioclase^plagioclase junctions but a substantial variation in the extent to which textural equilibrium has been approached.
In detail, median Â cpp shows a general decrease in value from about 1028 at $540 m stratigraphic height to about 978 at the top of LZb, a sharp increase to 1058 at the base of LZc, followed by a decrease to $1008 through LZc. Within the constraints imposed by the sample density, median Â cpp appears to be constant through MZ and the lower parts of UZa at $1008, with much less variability (9985Â cpp 51018, although one sample has a median of 978). In UZa, median Â cpp decreases precipitately to 808, followed by a localized positive excursion at the base of UZb that reaches 1058. The median values of Â cpp in the remainder of the Layered Series vary in the range 75^808.
I N T E R P R E TAT I O N A N D D I S C U S S I O N
The data shown in Fig. 4 were collected from a series of traverses from different places across the intrusion. The sample sets overlap at several places in the stratigraphy, with the Bollingberg set covering all the exposed stratigraphy and overlapping with the samples collected by Tegner and others in 2000 and with the 90-22 drill core. It is notable that the dihedral angles at any level in the stratigraphy are constant between the sample sets and demonstrates that textural maturity does not change with lateral position in the inner parts of the intrusion.
Principles of heat transfer in igneous cumulates
Enthalpy is a key variable for understanding melting and crystallization in the Earth. For example, in decompression melting an isentropic equilibrium is defined by a state of minimum enthalpy (Stolper & Asimow, 2007, in press ). In the case of a crystallizing magma body, where entropy is maximized, the boundary conditions more closely approximate a controlled enthalpy ramp than a controlled thermal ramp. Enthalpy is a particularly important variable for consideration in the case of cumulates formed in a fractionating magma chamber. In such a body it is common to find a sequence of newly crystallizing phases as the bulk magma becomes sequentially saturated in, for example, olivine, plagioclase, augite, Fe^Ti oxide minerals, immiscible sulphide liquids, and apatite. Wyllie (1963) noticed that as a fractionating liquid becomes saturated in each new phase, the liquidus slope becomes flatter. As a result, more crystals are produced for a given decrement in temperature, and there is an increase in the ratio of latent heat to sensible heat extracted. The application of this principle to the discussion of cumulate maturation requires the definition of some terms.
We may define the fractional latent heat ¼ H f /H Syst , where H is the enthalpy, H f is the latent heat of fusion, and H Syst is the enthalpy of the system. When the system cools, the total enthalpy is considered to be released to the surroundings in a regular continuum of heat loss described by the heat equation. At each addition of a new phase in the crystallizing assemblage, the newly flattened liquidus slope causes a discontinuous jump in the fractional latent heat, to a limit of 1Á0 at a true eutectic or minimum where crystallization may proceed isothermally. The increase in the fractional latent heat has an effect on the possibilities for maturation of the cumulate, because it is a local heat source.
We may define the crystal productivity as the ratio x/T, where x is the amount of crystallization for a given incremental change in temperature T. As the slopes flatten in the Wyllie sequence, the relative efficiency of crystallization increases, and with it the crystal productivity, which in the limit (at a true eutectic) reaches infinity as ÁT goes to zero. For convenience, we define the specific cooling rate as the inverse of the crystal productivity, T/x, which goes to zero at a true eutectic or a minimum. The specific cooling rate thus diminishes discontinuously at each change of slope in the Wyllie sequence.
A further dimension to fractional crystallization is the progress of reaction in the binary solution components of plagioclase and mafic minerals. These components fractionate CaAl toward pure NaSi and Mg toward pure Fe, respectively. As they do so, they tend to form quasi-isothermal tails to the total solid composition, and these tails potentially result in a significant volume of near-endmember residue at the latest, nearly isothermal, stages of crystallization (MaalÖe, 1984; Morse, 1994, fig, 6 .4a and 6.4b), described as thermal arrest in metallurgical systems (see Morse, 1997) . As a result, the last stages of cumulate crystallization, whether intercumulus or megascopic in scale, may contain a significant fraction of evolved material crystallized at a fractional latent heat of nearly 1Á0 and a specific cooling rate near zero. These principles also have potential application to the interpretation of the maturation (or lack thereof) in cumulates.
Stepwise increases in textural maturity
The new observations demonstrate that the textural maturity of the Skaergaard gabbros increases stepwise at the base of LZc (Fig. 4) in a similar fashion to that already observed in LZa (Holness et al., 2007a) . Following Holness et al. (2007a) , we suggest that this reflects a stepwise increase in the fractional latent heat as a result of a decrease in the slope of the liquidus associated with the appearance of a new crystalline phase on the liquidus. This results in a greater opportunity for textural maturation and thus a stepwise increase in the median value of Â cpp . Holness et al. (2007a) suggested that the stepwise increase at $540 m (Fig. 4) reflects the onset of clinopyroxene crystallization in the bulk magma. We suggest that the similar stepwise increase in textural maturity at the base of LZc corresponds to the arrival of Fe^Ti oxides as liquidus phases in the main body of the magma. Furthermore, the increase in Â cpp at the base of UZb is caused by the onset of cumulus apatite crystallization. The short-lived nature of the high Â cpp associated with apatite is discussed in a later section.
The cumulus status of oxide grains
The considerable debate about the liquid line of descent for Skaergaard revolves around the issue of whether and/or when the residual liquid became enriched in Fe. Critical to this debate is the timing of the arrival of magnetite and ilmenite on the liquidus. A relatively early arrival of Fe^Ti oxide minerals, as initially suggested by Wager & Deer (1939) , could mean that the liquid line of descent was characterized by iron and titanium depletion and silica enrichment (Hunter & Sparks, 1987 , 1990 , although others have suggested that progressive Fe enrichment is still possible even with an early advent of liquidus Fe^Ti oxides (Wager & Deer, 1939; Wager, 1960; McBirney & Naslund, 1990; Morse, 1990; McBirney, 1996; Tegner, 1997; Thy et al., 2006) .
The resolution of this problem has been hindered by uncertainty concerning the status of Fe^Ti oxides in the Layered Series. Wager & Brown (1968) suggested that ilmenite has cumulus status in LZa, although Irvine et al. (1998) suggested that the euhedral grains of ilmenite below LZc crystallized from the interstitial liquid in the mush. and Jang & Naslund (2003) suggested that magnetite below the upper parts of MZ is interstitial and crystallized from downwards-percolating evolved Fe-rich liquids. McBirney (1998) suggested that the abundant Fe^Ti oxide minerals present from the base of LZc crystallized from an isolated pool of Fe-rich magma on the floor of the chamber, rather than in the main magma reservoir.
The new data demonstrate a stepwise increase in textural maturity at the base of LZc (Fig. 4) , and confirm the arrival of Fe^Ti oxides as a liquidus phase in the main body of the magma at this level in the intrusion, consistent with the conclusion of Irvine et al. (1998) and also with the field observation of concentration of Fe^Ti oxides in layers from this point in the stratigraphy. Importantly, there is only a single identifiable stepwise change in textural maturity which can be related to Fe^Ti oxides, suggesting the simultaneous, or near-simultaneous, arrival of ilmenite and magnetite on the liquidus. This is consistent with an oxygen fugacity at, or close to, the fayalite^magnetiteq uartz buffer (FMQ) at this point (Morse, 1980; Thy & Lofgren, 1994; Toplis & Carroll, 1995; Ariskin, 2002) .
Was Skaergaard replenished after LZa times?
Although Skaergaard is generally held to be the examplar of closed-system fractionation, several attempts have been made to suggest that the intrusion was open at various times during its crystallization history (Hunter & Sparks, 1987; Stewart & DePaolo, 1990; McBirney, 2002) . Stewart & DePaolo (1990) suggested, on the basis of variations in strontium isotope ratios, that the Skaergaard chamber may have been replenished by either a continuous series of pulses throughout the first 75% of crystallization, or a more localized series of pulses with one in MZ times and another in UZb times. McBirney (2002) made a tentative suggestion that magma was injected at MZ times, on the basis of the onset of sulphide precipitation (Bird et al., 1991; Andersen et al., 1998) , the sudden increase in the rate of enrichment of the included elements, and what he mistakenly construed as an abrupt decrease of oxygen fugacity . A 4 m wide, north^south-trending, compositionally primitive dyke that appears in LZa and disappears in MZ is suggested as a plausible conduit for such an injection, although later consideration of Sr and Nd isotopes led him to rule out a major influx of magma through the dyke (McBirney & Creaser, 2003) . Hunter & Sparks (1987) suggested that the absence of any significant quantity of highly evolved silicic liquid could be a consequence of tapping of liquids from the chamber, although pointed out that trace element concentrations in plagioclase preclude this. Volcanic eruptions fed by significant quantities of liquid from the chamber, and hence reduction in the size of the magma body, may result in a more rapid cooling and thus lower textural maturity. Although textural maturation certainly does effectively cease during the later stages of crystallization, the continuity of mineral compositional trends (e.g. McBirney, 1996) suggests that eruption was not the cause.
Previous work on the Cambridge drill core has demonstrated that pulsed filling of the magma chamber can be detected as positive excursions in textural maturity (Holness et al., 2007a) . Several such replenishment events are recorded in HZ, with the last occurring at the base of LZa (Fig. 4) . Isolated positive excursions, apart from those that can be directly attributed to the onset of crystallization of new liquidus phases, are absent from the new dataset. However, the replenishment-related positive excursions in HZ typically involve $20 m of stratigraphy. Although we do not have sufficient sample spacing over most of MZ to completely rule out the possibility of chamber replenishment, median Â cpp is remarkably constant throughout MZ and the lower parts of UZa (Fig. 4) .
It is unlikely that we could have completely avoided any thermal excursions with what effectively is a randomly chosen sample set. It appears that the Skaergaard magma chamber was indeed closed to further injection, and probably also to eruption, after LZa times, consistent with observations of smoothly changing mineral compositions (e.g. Tegner, 1997) .
The loss of thermal information in UZb
Median Â cpp decreases to 73^808 in UZb (Fig. 4) . This range is identical to that of the postulated floor chill zone at the base of the Cambridge drill core (Holness et al., 2007a) and represents an almost complete cessation of pyroxene^plagioclase grain boundary migration above this level in the Layered Series (Fig. 3f) . There are two possible reasons for the cessation of textural maturation at pyroxene^plagioclase three-grain junctions. The first is that the temperature of the remaining liquid dropped below the closure temperature for dihedral angle change, and the second is that the enthalpy loss from the system as a function of time increased significantly.
If the cessation of textural maturation was due to a general cooling of the intrusion, then we can place a maximum constraint on the closure temperature by considering the liquidus temperature of the remaining liquid. This will necessarily be higher than the temperature at the base of the mush (i.e. the solidification front), but the latter cannot be easily constrained without a detailed understanding of the progressive occlusion of porosity in the crystal mush. This is because the extent of exchange with the bulk liquid controls the extent of fractionation, and hence the liquidus temperature of the remaining melt, within the progressively solidifying mush.
A compilation of calculated and experimental liquidus temperatures from the published literature on the Layered Series is given in Table 2 and shown graphically in Fig. 5 .
There is considerable agreement in the various experimental (McBirney & Naslund, 1990; Toplis & Carroll, 1995; Thy et al., 2006) and calculated liquidus temperatures (Larsen et al., 1989; Ariskin, 2002; Morse, 2007) , with the exception of the calculations of Morse et al. (1980) , which result in significantly higher temperatures for the lower Layered Series. The best-fit line through all data, apart from those of Morse et al. (1980) , is shown in Fig. 5 . Liquidus temperatures decrease steadily through LZ, but remain relatively constant in MZ [termed a 'liquidus shelf ' by Wyllie (1963) ]. The liquidus temperature decreases again from UZa, with a steep decline in UZb and UZc. This pattern is reflected in the variations in textural maturity in the Layered Series below UZb (Fig. 4) .
Textural maturity reflects the time-integrated thermal history. In a closed solidifying system in which controls on total enthalpy loss to the surroundings remain constant (i.e. no late onset of hydrothermal convection and no changes of convective regime in the bulk magma), the textural maturity is controlled by the time for which any given horizon remains above the closure temperature for dihedral angle change. If this closure temperature is constant, then the liquidus temperature is a good proxy for the time-integrated thermal history. Although the variations in textural maturity through the Layered Series are complicated by superimposed step-changes associated with changes in the liquidus assemblage, comparison of Figs 4 and 5 shows that the decline in textural maturity through LZb is reflected in the relatively steep decline in liquidus temperature through LZa and LZb. The constancy of Table 2 ) plotted as a function of standardized stratigraphic height. *, data of Morse et al. (1980) , which are not included in the calculated line of best fit. The shaded boxes give the stratigraphic height at which textural maturation of pyroxene^plagioclase^plagioclase junctions ceasesçthis corresponds to a liquidus temperature of $10758C.
textural maturation through MZ corresponds to a relatively constant liquidus temperature. The cessation of dihedral angle change in the Upper Zone corresponds to a significant and relatively steep decrease in liquidus temperature and occurs when the temperature at the top of the mush is $10758C. As temperatures in the bulk liquid will be higher (by some unknown quantity) than that of the level at which no further clinopyroxene growth occurs (i.e. the base of the mush), this is an upper estimate for the closure temperature.
The cessation of textural maturation occurs in the same region of the stratigraphy as the loss of pronounced modal and grain-size layering, which, after becoming more distinct and well defined upwards in the stratigraphy, becomes insignificant near the middle of UZb (Boudreau and McBirney, 1997; Wager & Brown, 1968; McBirney, 1996; Irvine et al., 1998) . This loss of layering has been correlated with differences in rare earth element composition of plagioclase of the UZ compared with those of the Upper Border Series and used as evidence for cessation of chamber-wide convection . It is intriguing that there is independent evidence supporting a significant change in the rate and mode of heat loss from the intrusion as it moves from a convective to a conductive regime at the same level as the loss of textural maturation. However, it is likely that the cessation of convection and onset of conductive heat loss would result in the reduction of heat loss rather than the increase suggested by the dihedral angles.
The effect of convection may, however, be recorded in the noise levels of the dihedral angle signature. Median Â cpp is very smooth in lower UZa (in which it varies by 518 from the average at any point), compared with LZb (where it varies by 38 around the average value). Large-scale, time-dependent, convection would result in temporally variable rates of heat loss if the size of the convective cells were of the order of the thickness of remaining liquid, and thus small-scale variations in the sub-solidus thermal history and Â cpp might be expected. Conversely, steady-state conductive heat loss would result in a constant sub-solidus thermal history (albeit with a cooling trend) and less variation in median Â cpp . Neither the scale of the effects of such processes nor the precise effect of such thermal fluctuation is known, however, rendering this hypothesis difficult to test.
Another possible player in the changing cooling rate of the Skaergaard intrusion is hydrothermal convection. The upper parts of Skaergaard are notable for the significantly reduced d
18 O of plagioclase relative to inferred original igneous values (Taylor & Forester, 1979) , as a result of large-scale convective circulation of meteoric ground waters in the permeable basalts that host the upper levels of the intrusion. The samples collected from Uttentals Plateau and Kramers Ò (Fig. 2) fall within the region of normal d
18 O, whereas those of UZ lie in progressively more strongly altered zones of the intrusion (Taylor & Forester, 1979, fig. 8 ). For an enhanced cooling rate caused by fluid circulation to have had a significant effect on the textural maturation process the water must have entered before the gabbros had moved through the temperature window for dihedral angle change. Thermal modelling of the circulation points to the bulk of the alteration occurring above 5008C (Norton & Taylor, 1979) , and synchronously with exsolution of Ca-poor pyroxene from augite (Taylor & Forester, 1979) . Minimum temperatures calculated for early hydrothermal veins are 500^7508C (Manning & Bird, 1986) . However, because hydrothermal circulation requires a hydrostatic pressure and thus a fracture system, it cannot have occurred while there was any significant quantity of silicate liquid present (Taylor & Forester, 1979) . Holness et al. (2005) demonstrated that the bulk of dihedral angle variation occurs synchronously with growth of pyroxene from silicate liquid, and thus we suggest that hydrothermal circulation in Skaergaard post-dated textural maturation. The reduction in textural maturation in UZ was therefore not a consequence of enhanced hydrothermal circulation in this part of the intrusion.
In summary, neither hydrothermal convection nor a change in the convective regime of the solidifying magma are plausible candidates for the cessation of textural maturity in the upper parts of the Layered Series. This is most probably a consequence of the temperature of the remaining liquid falling below the closure temperature for pyroxene^plagioclase grain boundary migration.
A final point can be made concerning the wide variation in median Â cpp in samples lying above the horizon at which textural maturation effectively ceased. In samples for which the liquidus temperature was close to the closure temperature, or that were rapidly cooled (i.e. in a chill zone), any small variation in thermal history between samples will be manifest as a relatively large difference in median Â cpp . This is because the earliest stages of textural maturation, when the median angle is far from solid-state equilibrium, are very sensitive to variations in temperature. As the median angle becomes larger, and closer to equilibrium, so the driving force becomes lower, and the sensitivity of the angle to changes in temperature (and thus sub-solidus thermal history) becomes lower, leading to a greater uniformity of final median Â cpp . For the UZ rocks in which the angles are close to the inherited impingement values, small variations in thermal history are magnified into a large variation in textural maturity, leading to a wide range of median Â cpp relative to that observed in rocks with much greater textural maturity.
The thickness of the crystal mush
The thickness of the mush is an important variable, with consequences for mass transport and rheology, and is itself controlled by the relative permeability of the mush to both heat and liquid. One end-member is that of the hard-ground, in which adcumulates form at an abrupt interface between essentially fully solidified rock and the bulk liquid (e.g. Morse, 1986) . The other end-member involves a very thick mush in which the proportion of solid phases decreases from 100% to 0% over a distance of perhaps several hundreds of metres (e.g. Tait & Jaupart, 1992) . The data presented here offer an opportunity to constrain the thickness of the Skaergaard mush, at least in the vicinity of the step-change at 540 m stratigraphic height (within LZa) where the samples are closely spaced.
The step-change at 540 m is associated with the arrival of clinopyroxene on the liquidus in the bulk liquid, and occurs over $1m of stratigraphy. Cumulates at the level represented by the bottom of the step did not experience the change in specific latent heat associated with the onset of liquidus clinopyroxene crystallization and thus had just cooled to the closure temperature. Cumulates at the level represented by the top of the step are those that experienced the full effects of liquidus clinopyroxene crystallization and were thus at the top of the mush at that time. Experimental determinations of the temperature of the bulk liquid when clinopyroxene joins the assemblage range from 11548C to 12088C (Table 3) , although we consider temperatures in the middle of this range to be the most likely (i.e. 11808C AE158C). In the previous section we suggested that 10758C is a plausible maximum estimate of the closure temperature for dihedral angle change at clinopyroxene^plagioclase^plagioclase junctions, which results in a thermal gradient within the upper parts of the mush of 90^1208C/m. If the closure temperature were 2008C lower (for example), this gradient would increase to 290^3208C/m.
The thickest possible mush would be one in which the interstitial liquid was isolated and could evolve all the way to the granitic minimum which, for LZa^b, is likely to be at 6808C (Larsen & Tegner, 2006) . Assuming the thermal gradient were linear through the mush this leads to a distance of 4Á3^5Á4 m (assuming a closure temperature of 10758C) from the bulk liquid to the level at which the rock is 100% solidified. This distance decreases to 1Á5^1Á7 m for a closure temperature of 8758C. A mush with a more adcumulate nature, in which the last liquid present was less evolved than the granitic minimum, would be thinner.
Although these estimates are necessarily crude simplifications, it is clear that solidification of the Skaergaard intrusion most closely approximated the hard-ground model of Morse (1986) . This is consistent with the scale of slumping and the mechanically disrupted zones surrounding fallen blocks (Irvine et al., 1998) .
Oversaturation prior to arrival of new liquidus phases
The new data presented here are notable for the decrease in textural maturity through LZc towards a plateau in MZ, and the abrupt decrease in textural maturity closely following the onset of apatite crystallization defining the base of UZb (Fig. 4) . We suggest that both may be the result of significant oversaturation of the bulk liquid before nucleation of both Fe^Ti oxides and apatite. Once nucleated, a consequent burst of crystallization of the new phase temporarily increased the fractional latent heat.
The onset of apatite nucleation occurred once textural maturation had begun to decline, and resulted in a remarkable thermal disturbance recorded as a spike in median Â cpp . We suggest that this was induced by a temporary abundance of apatite crystallization as a result of Indication is given whether the estimate applies to the base (b) of the division or the centre (c). The estimates of Morse et al. (1980) , Larsen et al. (1989) , Ariskin (2002) and Morse (2007) are calculated, whereas those of McBirney & Naslund (1990), Toplis & Carroll (1995) and Thy et al. (2006) are experimentally determined. The estimate of Lindsley et al. (1969) was based on considerations of observed phase equilibria.
HOLNESS et al. COOLING OF LAYERED SERIES, SKAERGAARD significant overstepping of apatite nucleation. Once apatite had begun to crystallize, this temporary abundance of apatite growth increased the fractional latent heat sufficiently to permit median Â cpp to achieve values of 1058. After reduction of the temporary supersaturation the steady-state rate of crystallization on the evolved apatitebearing multi-phase cotectic was insufficient to permit any significant movement of clinopyroxene^plagioclase grain boundaries, and textural maturation effectively ceased.
The volume per cent of cumulus apatite decreases with stratigraphic height within UZb (Wager, 1963; Fig. 6a ). This is because apatite becomes a liquidus phase at about 1% P 2 O 5 in a basic liquid (Green & Watson, 1982) and the resultant cumulates contain more P than the liquid. The liquid therefore crystallizes less and less apatite (Wager, 1960; Tegner et al., 2006) . However, the lowermost samples from UZb in core 90-22 contain almost 16 vol. % apatite, and we suggest that this records the stratigraphically localized overabundance of apatite crystallization resulting from the overstep. The latent heat release associated with this abundant apatite crystallization reduced the specific cooling rate sufficiently to permit median Â cpp to reach 1058 (Fig. 6b) . Once the apatite in the cumulates was reduced to about 8^10 vol. %, the latent heat release was temporarily sufficient to maintain textural maturity with Â cpp of $908 for a few tens of metres of additional cumulate, although the continuing reduction in temperature of the cooling intrusion (Fig. 5 ) meant that eventually (within 50 m of the onset of apatite crystallization) even this latent heat contribution became inadequate for significant plagioclase^pyroxene grain boundary migration. Textural maturation is effectively non-existent in the overlying horizons.
It is notable that there is no localized over-shoot of the elevated Â cpp associated with the arrival of cumulus clinopyroxene (Fig. 4) , and that the over-shoot for Fe^Ti oxides is less pronounced than that for apatite: the extent of the supersaturation, and hence over-shoot, increases as the liquid becomes more evolved. Wyllie (1963) pointed out that when the liquidus path is steep, the liquid temperature must fall far below the liquidus to produce much supersaturation, whereas for gentle slopes a high degree of supersaturation can be produced when the liquid temperature falls only slightly below the liquidus. This means that as the liquidus slope is progressively reduced during fractionation it will become commensurately easier to create a transient peak in Â cpp at the arrival of each new phase. Thus large supersaturations become more likely for successively arriving phases during closed-system fractionation. We suggest that this is recorded in the successively greater over-shoots of textural maturity in the Skaergaard Layered Series.
C O N C L U S I O N S
Consideration of the extent to which inherited impingement textures have approached sub-solidus textural equilibrium in the vicinity of clinopyroxene^plagioclasep lagioclase junctions in intrusions for which cooling was sufficiently rapid to prevent full attainment of textural equilibrium demonstrates the accessibility of subtle variations in their cooling record. The arrival of new phases on the liquidus exerts a control on the relative contribution of latent heat to the enthalpy loss of the system, reducing the specific cooling rate and thus causing a measurable increase in textural maturity of the resultant cumulates. The generality of this process of stepwise changes in specific cooling rate may have important implications for the details of porosity occlusion in the mush. Although our data suggest that the cumulates were completely solid only a few metres below the top of the mush, the gradual change from an orthocumulate towards a more adcumulate character with height in the Skaergaard intrusion , reflecting an increase in post-accumulation growth of primocrysts, may have resulted from the progressive changes in the rate of accumulation of crystals recorded by Â cpp . The Skaergaard magma began crystallizing ilmenite and magnetite simultaneously at the base of LZc, consistent with an oxygen fugacity at the FMQ buffer at this level in the intrusion. The arrival of both Fe^Ti oxides and apatite as liquidus phases was accompanied by oversaturation of the magma in the bulk of the chamber, detectable by transient positive excursions in textural maturity resulting from a burst of crystallization.
Textural maturation ceased in the upper parts of the Skaergaard Layered Series, most probably as a consequence of the entire intrusion cooling through the closure temperature for two-phase grain boundary migration. This means that there is no record of variations in sub-solidus thermal history above this point in the stratigraphy. A corollary of this is that the use of pyroxene^plagioclase^plagioclase dihedral angles as a record of thermal history may be limited to mafic intrusions of at least the size of Skaergaard, or to smaller ones intruded at greater depth in the crust.
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